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Abstract
Inhibition by CO of the corrosion of Fe, Ni, and three alloys, containing either Fe and large amounts of Ni (Incoloy 825) or large amounts of Fe (Uniloy-420 and N80 steels) in solutions containing between 7.5 and 28% HCl was studied using potentiodynamic polarization curves, gravimetric tests, and FTIRS. In all cases, but Uniloy-420 in 28% HCl, a clear inhibition of corrosion in the presence of CO in the solution was shown by the gravimetric tests and from cyclic voltammetry, the inhibition being higher in the case of Ni and Ni-containing alloys. CO chemisorbed on Fe and/or Ni atoms present on the alloy surface was identified as the species responsible for corrosion inhibition. The inhibition of corrosion is higher in the cases of Ni and Incoloy 825.
1. Introduction
The adsorption of carbon monoxide on metal electrodes is a classical topic in interfacial electrochemistry, to which Andrzej Wieckowski has made significant contributions  ADDIN EN.CITE [1-7]. The interest in CO adsorption is mainly due to the detrimental role of adsorbed carbon monoxide in electrocatalysis, where it often acts as a poisoning intermediate that blocks active surface sites. This blocking effect, however, can be positive in other cases, for example in corrosion, a field that has also attracted Wieckowski’s attention  ADDIN EN.CITE [8-14]
It is well known, from studies in UHV or at the gas–metal interface, that CO tends to chemisorb dissociatively on the transition metals at the left-hand side of the periodic table, and molecularly on those at the right-hand side. Although this is known to be an oversimplification, it is usually assumed that the dividing line between these two behaviours runs diagonally between Fe and Co, Tc and Ru, and W and Re [15]. This stimulated us some time ago to perform a study on the adsorption of CO on Fe and Co electrodes [16,17], which was extended to Ni electrodes. [18,19]. We could show that CO chemisorbs molecularly on all these metals in the pH range 3–14. Only CO adsorbed linearly (on-top CO, COL) could be found on Fe, while on Ni and Co CO was found to adsorb both on-top and at two-fold bridge sites (COB), the ratio of the former to the latter increasing with decreasing pH (in the case of Co, the band corresponding to COB was very weak at pH 6.9, and undetectable at pH 3). Ten years later, the studies of CO adsorption on Fe [20], Co [21] and Ni  ADDIN EN.CITE [22-26] electrodes remain very scarce.
As a consequence of the strong chemisorption bond between CO and the surface atoms of the Fe, Co and Ni electrodes, surface oxidation or dissolution is impeded [2-5], a fact already reported by Uhlig in 1940 for stainless steels [27]. We report here a study of the inhibition by chemisorbed CO of the corrosion of Fe, Ni, Incoloy-825 (I825), Uniloy-420 (U420), and N80 carbon steel electrodes in very aggressive conditions: 7.5, 15, 20 and 28% HCl solutions, i.e., very acidic solutions with a high chloride concentration. Thanks to a simple new method recently developed by our group [28], we were able to use in situ external reflectance infrared spectra for studying the CO adsorption in these strongly acidic solutions using a fluorite window.
2. Experimental Section
The working electrodes were disks of 12 mm in diameter, sanded with emery paper (600 grit) for electrochemical measurements and gravimetric tests, or polished with alumina down to a particle size of 0.05 μm for external reflectance infrared spectroscopy. In all the cases the samples were sonicated 2 min in acetone and then 5 min in Milli-Q water. Fe (99.998%) and Ni (99.99458%) were supplied by Alfa-Johnson Matthey. The alloys (I825, U420 and N80) were purchased from Metal Samples Co. The alloy compositions are shown in Table 1. Aqueous solutions containing 7.5, 15, 20 and 28% w/w HCl were used as electrolyte. Analytical grade reagents and Milli-Q water were used.
A Wenking analog potentiostat, in combination with a digital oscilloscope for signal recording, and a one-compartment three-electrode cell were used for electrochemical measurements. The disk electrodes were set in a polypropylene holder with a Viton O-ring, with a brass screw pressed against the disk for providing electrical contact. A Pt wire and a home-made Ag/AgCl (KClsat.) electrode were used as the counter and reference electrodes, respectively. Blank measurements were performed in N2–purged electrolyte (N50, Air Liquide). Measurements in CO–saturated solutions were performed after bubbling CO (N47, aluminium alloy cylinders, Air Liquide) for at least 20 min.
For the infrared measurements the disks were glued to a 5 mm length of Pyrex tubing, electrical contact to a copper cable being achieved with conductive epoxy resin. The measurements were performed with a home-made Pyrex cell containing a Pt wire and a home-made Ag/AgCl (KClsat.) electrode, that served as counter and reference electrodes, respectively. A CaF2 prismatic window bevelled at 60º, protected by a thin (ca. 50 m) commercial self-adhesive film (composed of atactic polypropylene and an acrylic adhesive and adhered to the surface of the prism facing the electrolyte, taking care not to leave any air bubble between the fluorite surface and the plastic film) [28], was attached at the bottom of the cell, which was placed on a home-made external reflectance accessory inserted in the sample chamber of a 1725-X FTIR Spectrometer from Perkin-Elmer, purged with CO2- and H2O-free air. The potential was controlled by a PAR potentiostat, Model 362, connected to a Synthesized Function Generator, Model DS345 from Stanford.
Reflectance spectra were recorded using p–polarized light, unless otherwise stated, and were calculated as , where Rs and Rref correspond to the single beam reflectance spectrum at the sample and reference potentials, respectively, each single spectrum consisting of 100 interferograms with a resolution of 8 cm-1. A negative band indicates that a species present at the reference potential is consumed at the sample potential. Conversely, a positive band indicates that a new species, not present at the reference potential, is produced at the sample potential. A bipolar band indicates a Stark shift of a chemisorbed species present at both the reference and sample potentials.
Gravimetric tests were performed by immersing previously weighed disks of I825, U420 or N80 in air–saturated, N2–purged, and CO–saturated 20% HCl. Mass losses were determined after 1, 2 and 3 days (I825), or after 1, 2 and 4 hours (U420 and N80) of immersion in the above–mentioned solutions, and normalized by the surface area exposed to the solution. The results provided are the average of three measurements. Inhibition efficiency was calculated as , where mN2 and ΔmCO are the area-normalized mass losses in N2-purged solution and in CO-saturated solution, respectively, both after a given immersion time.
3. Results and Discussion
Since all the alloys studied contain a large amount of iron, and, in the case of I825, also a large amount of nickel (see Table 1), knowledge of the interaction of CO with Fe and Ni was a prerequisite for the study of CO adsorption on the alloys of interest. Although the adsorption of CO on Fe and Ni electrodes has been studied previously  ADDIN EN.CITE [16-26], no study has been reported in the literature regarding the interaction of CO with these metals in the very aggressive conditions under which I825, U420 and N80 are often used.
3.1. Electrochemical measurements and gravimetric tests
Table 2 shows the values of the corrosion potential, Ecorr, measured as the open circuit potential, for Fe, Ni, I825, U420 and N80. Ecorr can also be measured as the potential at which the current crosses through zero in a potentiodynamic polarization curve at a slow scan rate. However, especially in the case of CO–saturated solutions, this value depends enormously on the electrode’s history (as was to be expected, because Ecorr is a kinetic, and not a thermodynamic, quantity), while the values of the open circuit potential were very reproducible (the standard deviation was usually 5 mV, 30 mV in the worst cases). As a general rule, Ecorr shifts positively upon saturating the solution with CO, and, also as a general rule, the larger the shift the larger the corrosion inhibition found in subsequent cyclic voltammetry and/or gravimetric experiments.
Figures 1–3 show potentiodynamic polarization curves at 1 mV s-1 of Fe and Ni (Figure 1), I825 and N80 (Figure 2), and U420 (Figure 3) in CO–free and CO–saturated concentrated hydrochloric acid solutions.
In the case of Fe and Ni (Figure 1), only the potentiodynamic polarization curves in the most concentrated solution (28% HCl) are shown, since the results in the other three media were similar. In N2–purged solution, no passivity region exists, and the corrosion rate increases exponentially at potentials between 50 and 100 mV above the potential at which the current crosses through zero in the first positive sweep. In CO-saturated solution, a reduction of the corrosion current below ca. -0.3 V is clearly observed in the case of Fe, while in the case of Ni a CO-induced inhibition of corrosion appears between ca. -0.3 and ca. -0.15 V.
In the case of I825 and N80 (Figure 2) only the lowest and the highest concentrations used are shown. For I825, the potentiodynamic polarization curves in 7.5% HCl (Figure 2(A)) are different from those in the other concentrations used. In N2–purged 7.5% HCl solution, I825 shows an anodic peak, after which the current increases exponentially (but with a very high slope of 255 mV/decade), as typical of pitting corrosion after breakdown of the passive layer, followed by a transpassivation peak. In the negative sweep the higher positive current observed suggests the occurrence of pitting corrosion, repassivation occurring around -0.1 V. In CO–saturated solution, there is again a CO-induced inhibition of corrosion preceding the peak, which is now clearly smaller than in the absence of CO. At higher HCl concentrations the behaviour is similar to that observed in 28% HCl (Figure 2(B)). In this case, both in N2–purged and in CO–saturated solutions there is no peak. However, a CO-induced inhibition of corrosion appears in CO–saturated solutions, the current increasing exponentially at more positive potentials, most likely because the protection provided by chemisorbed CO disappears upon its oxidation. In the negative sweep the CO induced inhibition of corrosion reappears, suggesting that CO readsorbs on the surface of the I825 alloy.
For N80, the potentiodynamic polarization curves show a gradual change from that in 7.5% HCl (Figure 2(C)) to that in 28% HCl (Figure 2(D)), with a narrow region of CO-induced inhibition of corrosion, whose width decreases with increasing HCl concentration and disappears in 28% HCl.
In the case of U420 (Figure 3), the potentiodynamic polarization curves depended strongly on the HCl concentration. At the highest concentration used (28% HCl) the potentiodynamic polarization curve was practically unaffected by CO. At the lowest concentration, 7.5% HCl, a CO–induced inhibition of corrosion appeared. At 15% and 20% HCl the behaviour is intermediate between those in 7.5% HCl and in 28% HCl. There are three interesting features worth noting in the potentiodynamic polarization curves of U420 in Figures 3(A), (B) and (D), although at this moment we do not have an explanation for all of them: (i) the enhanced repassivation in 7.5% HCl (Figure 3(A)) at E < -0.2 V in CO–saturated solution in the negative sweep, as compared with the N2–purged solution; (ii) the anodic peak at around -0.3 V in the negative sweep in N2–purged 20% HCl (Figure 3(B)); and (iii) the oscillatory behaviour slightly above -0.2 V during the negative sweep both in N2–purged and CO–saturated 28% HCl (Figure 3(D)). This oscillatory behaviour has been attributed to metastable pitting  ADDIN EN.CITE [29-31], during which local nucleation, growth and repassivation of pits occurs. The process is observed in the negative sweep because it requires the previous formation of a passive film.
In all the cases but N80 and U420 in 28% HCl, a clear corrosion inhibition is observed upon saturating the solutions with CO, as deduced from the current decrease. The inhibition of corrosion is accompanied in all cases by a clear decrease of the hydrogen evolution current at the negative limit of the potential scan, suggesting that strong chemisorption of CO blocks some of the surface atoms, as confirmed by infrared spectroscopy (see below). The inhibition of corrosion by CO must be, hence, due to the suppression of the cathodic reaction (hydrogen evolution in the absence of oxygen).
In addition to this blocking effect, CO is a reducing agent because it can be oxidized to CO2 on sufficiently active surfaces. Obviously this reducing action of CO will obtain only as far as there is CO in solution for replacing the oxidized CO. As can be deduced from our previous work on CO adsorption on Fe [16] and Ni [18,19], CO is oxidized on Fe at lower potentials than on Ni, indicative of a higher activity of Fe towards CO oxidation, as confirmed by the absence of a flat, nearly constant current region in the potentiodynamic polarization curves of Fe in the concentrated HCl solutions used here. In any case, CO oxidation is not expected to contribute substantially to the corrosion current under open circuit conditions.
We attempted to quantify the degree of corrosion inhibition by determining icorr in CO–free and CO–containing solutions by extrapolating the current in the exponential region of the potentiodynamic polarization curves down to the potential at which the current crosses through zero in the positive sweep, but this is only possible in the cases where the potentiodynamic polarization curves show Tafel–like behaviour, like in Figure 1(A), and, in addition, the value of the potential at which the current crosses through zero in the positive sweep is extremely sensitive to the electrode’s history. We also attempted to determine icorr by the polarization resistance method, that consists of measuring the current flowing through the interface in a small potential interval (10-20 mV) around the corrosion potential, the slope of the (usually linear) potential vs. current sweep being directly proportional to the corrosion rate at the corrosion potential, but we found again a large irreproducibility and a strong dependence on the electrode’s history on the absolute values of the corrosion rate (not surprisingly, since corroding systems are far from equilibrium). For these reasons, we decided to perform gravimetric corrosion tests which, contrary to icorr determined by electrochemical methods, corresponding to the corrosion rate at the moment at which the measurement is performed, yield a value of the corrosion rate averaged over longer periods. The result of the gravimetric tests, that were performed only for I825, N80 and U420 in 20% HCl, are shown in Figure 4.
Figures 4(A-C) show the mass loss as a function of time in air–saturated (black), N2–purged (blue) and CO–saturated (red) solutions. In the case of I825 (Fig. 4(A)) and U420 (Fig. 4(C)), removal of oxygen from the solution by N2–bubbling results in a decrease in the mass loss, while in the case of N80 the mass loss is higher after deoxygenating the solution, suggesting that, in the latter case, the presence of oxygen favours the formation of a passivating oxide layer.
The gravimetric tests confirm the conclusion reached from the potentiodynamic polarization curves that CO inhibits the corrosion of all the materials studied, although the inhibition is clearly higher in I825 (Figure 4(A) and (D)) than in the other two alloys. In addition, in the case of I825 in the presence of CO, most of the mass loss due to corrosion occurs during the first 24 hours, additional mass losses after 2 or 3 days of immersion in 20% HCl being undetectable (Figure 4(A), red line). As a consequence, in the case of I825 the efficiency of CO as a corrosion inhibitor increases from 57% after 1 day of immersion in HCl 20% to 83% after 3 days of immersion (Figure 4(D)). High inhibition efficiencies (above 70%) are also reached with N80 (Figure 4(E)), although in this case, after reaching a maximum, the efficiency decreases continuously with time. In the case of U420 (Figure 4(F)), although the inhibition efficiency is initially high (more than 55%), it decreases continuously with time, and after 4 days is below 25%.
3.2. FTIRS
In order to confirm that chemisorbed CO is the species responsible for the inhibition of corrosion observed in CO–containing solutions, we performed a FTIRS study.
Figure 5 shows FTIR spectra of Ni (red line), iron (green line), polished I825 (solid blue line), and passivated I825 (dashed blue line) in CO-saturated 7.5% HCl. The black line in Figure 5 corresponds to the sum of the FTIR spectra of CO adsorbed on Ni and on Fe. At higher HCl concentrations, similar spectra were observed, but they were often disturbed by the presence of small hydrogen bubbles, formed at the negative potentials used as reference.
In the case of Ni, we could observe some differences with the previously reported spectra [18,19]. Although the spectra show bipolar bands corresponding to linear COL between 2053 and 2072 cm-1 and COB around 1970 cm-1, the intensity of the latter decreasing with decreasing pH, as reported earlier, we could observe an additional band at 2043 cm-1, whose frequency does not change with the electrode potential. In addition, this band can also be observed in spectra recorded using s–polarized light (see Figure S1 in the Supplementary Information), indicating that this band must correspond to a species in solution, and not to an adsorbed species. Its frequency  ADDIN EN.CITE [32-34] allows us to assign this band to Ni(CO)4 in solution. It should be noted that no Ni(CO)4 could be detected by us in our previous study of CO adsorption on Ni electrodes at pH 3–14. Accordingly, and taking into account the low solubility of Ni(CO)4 in aqueous solutions, we suggest that its formation must be due to reaction of CO with Ni2+ present in the solution as a product of corrosion.
The spectra of CO chemisorbed on Fe electrodes are similar to those previously reported by us [16], showing a single bipolar band between 2003 and 2020 cm-1, attributed to COL. As expected, and following the tendency reported by us previously, the band of COL on Fe appears at higher frequencies as the pH decreases, due to the positive shift of the accessible potential window.
On polished I825 electrodes (solid blue line in Fig. 5) the only clearly observable band is that corresponding to COL adsorbed on Ni (between 2052 and 2068 cm-1). No band corresponding to COB on Ni emerged above the noise level, this being reasonable, since, taking into account the alloy’s nominal content of nickel (40.6%, see Table 1) the probability of finding two adjacent Ni atoms (necessary for CO adsorption as COB) must be very low. The absence of bands corresponding to COL on Fe is remarkable, taking into account the high Fe content of the alloy. Two explanations are plausible: either (i) the iron present in the alloy has electronic properties different from those of pure iron, not binding CO, or (ii) there has been a surface segregation phenomenon, depleting iron from the alloy’s surface and enriching it with nickel. The latter hypothesis is supported by the bands observed on an I825 sample that had been left immersed in 7.5% HCl overnight (passivated I825). Under these conditions, the spectrum (dashed blue line in Fig. 5) shows a small band corresponding to COL on Fe in addition to the band corresponding to COL adsorbed on Ni also observed with polished I825. The assignment of the small bipolar band between 2020 and 2035 cm-1 to COL on Fe is confirmed by the close resemblance between the spectrum of CO adsorbed on passivated I825 and the spectrum resulting of adding the spectra of CO adsorbed on Ni and of CO adsorbed on Fe (black line, Fig. 5). Note that the small difference in the frequencies at which the bipolar bands appear in the spectrum of CO adsorbed on I825 and in the spectra of CO adsorbed on Ni and Fe are due to the differences in the potentials at which the spectra were recorded, typically more negative in the case of Ni and Fe due to their lower corrosion resistance, as compared to I825.
The presence of the band corresponding to COL on Fe in the spectrum of CO adsorbed on passivated I825 suggests that iron on the alloy surface behaves similarly to pure iron and, consequently, leads to the conclusion that the absence of this band on polished I825 is most likely due to the very small amount of Fe present on the surface, the concentration of Fe on the alloy’s surface increasing after the passivation treatment. This is in disagreement with XP spectra of I825 recorded before and after the treatment with concentrated HCl (see Figure S2 in the Supplementary Information), which show no significant variation of the relative amount of Fe and Ni present on the alloy’s surface. XP spectra show a clear increase of the amount of Mo present on the surface of the alloy, although CO does not chemisorb on Mo, and, hence, no contribution of this metal to the corrosion inhibition by CO is to be expected, as confirmed by the FTIR spectra in Fig. 5. It must be noted, however, that FTIRS probes the very top atomic surface layer, while XPS probes a region several layers deep, 3 nm average. Furthermore, XPS is an ex situ technique and, accordingly, the surface composition obtained from it does not necessarily coincide with the composition present when the alloy is in contact with a concentrated HCl solution.
On I825, we did not find any evidence suggesting the presence on the surface of COB bonded to a Ni and a Fe atom, or the presence of metal carbonyls in solution.
Figure 6 shows FTIR spectra of N80 and U420 in CO–saturated 10-2 M HCl solutions. In these cases, the spectra had to be recorded with a lower HCl concentration due to the large amount of H2 bubbles formed at the reference potential. Figure 4 also includes the FTIR spectrum of Fe in the same solution, for the sake of comparison. The spectra of U420 and N80 (blue and green lines, respectively, in Fig. 4) in CO–containing solutions are similar to those of Fe, showing a single band attributed to COL on Fe, as was to be expected due to the high iron content of these two alloys (see Table 1).
Conclusions
Corrosion of Fe, Ni, and alloys containing large amounts of Fe and Ni (I825) or Fe (U420, N80) is inhibited in CO–containing solutions. FTIRS shows that the inhibition of corrosion is due to the presence on the surface of strongly chemisorbed carbon monoxide blocking the surface and protecting it against corrosion, even in strongly acidic solutions with high chloride concentrations. On Fe electrodes CO adsorbs as COL, while on Ni electrodes both COL and COB are detected, the amount of the latter decreasing with decreasing pH, in agreement with previous reports. On I825, an alloy containing ca. 41% Ni and ca. 31% Fe, only COL on Ni can be detected on the as–polished surface, while both COL on Ni and COL on Fe are detected if the sample was left overnight in 7.5% HCl. The band corresponding to COB on Ni is absent in both cases, most likely because the probability of finding two adjacent Ni atoms on the surface of this alloy is very low. U420 and N80 behave nearly identically to pure Fe with respect to CO adsorption.
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Figure 1. Cyclic voltammograms at 1 mV s-1 of Fe (A) and Ni (B) in 28% HCl solutions. The blue lines correspond to N2–purged, deoxygenated solutions, while the red lines correspond to CO–saturated solutions.


Figure 2. Cyclic voltammograms at 1 mV s-1 of I825 (A and B) and N80 (C and D) in 7.5% (A and C) and 28% HCl (B and D) solutions. The blue lines correspond to N2–purged, deoxygenated solutions, while the red lines correspond to CO–saturated solutions.






Figure 4. Mass loss of I825 (A), N80 (B) and U420 (C) as a function of immersion time in 20% HCl. Black, blue and red lines correspond to experiments performed, in air-, N2 and CO-saturated solutions, respectively. The corresponding inhibition efficiencies in CO-saturated solutions as compared to N2-purged solutions are shown in D, E and F, respectively.

Figure 5. SW-FTIR spectra of (A) Ni (Eref = 0.02, Es = -0.25), (B) Fe (Eref = -0.35, Es = -0.4) and (D, E) I825 (Eref = -0.05, Es = -0.32) electrodes in 7.5% HCl. The solid blue line (E) corresponds to a polished I825 electrode, and the dashed blue line (D) to a I825 sample that was left immersed overnight in 7.5% HCl. The black line (C) is the sum of the red and green lines.
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